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ABSTRACT

Fish kills are a common occurrence in shallow,
eutrophic lakes, but their ecological consequences,
especially in the long term, are poorly understood.
We studied the decadal-scale response of two UK
shallow lakes to fish Kkills using a palaeolimnologi-
cal approach. Eutrophic and turbid Barningham
Lake experienced two fish kills in the early 1950s
and late 1970s with fish recovering after both
events, whereas less eutrophic, macrophyte-domi-
nated Wolterton Lake experienced one kill event in
the early 1970s from which fish failed to recover.
Our palaeo-data show fish-driven trophic cascade
effects across all trophic levels (covering benthic
and pelagic species) in both lakes regardless of pre-
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kill macrophyte coverage and trophic status. In
turbid Barningham Lake, similar to long-term
studies of biomanipulations in other eutrophic
lakes, effects at the macrophyte level are shown to
be temporary after the first kill (c. 20 years) and
non-existent after the second kill. In plant-domi-
nated Wolterton Lake, permanent fish disappear-
ance failed to halt a long-term pattern of
macrophyte community change (for example, loss
of charophytes and over-wintering macrophyte
species) symptomatic of eutrophication. Important
implications for theory and restoration ecology
arise from our study. Firstly, our data support ideas
of slow eutrophication-driven change in shallow
lakes where perturbations are not necessary pre-
requisites for macrophyte loss. Secondly, the study
emphasises a key need for lake managers to reduce
external nutrient loading if sustainable and long-
term lake restoration is to be achieved. Our re-
search highlights the enormous potential of multi-
indicator palaeolimnology and alludes to an
important need to consider potential fish kill sig-
natures when interpreting results.

Key words: fish kills; shallow lakes; palaeolim-
nology; trophic cascades; macrofossils; eutrophica-
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INTRODUCTION

Mass extirpations of fish involving a species, species
cohort or in some cases an entire fish population
are a relatively common occurrence in eutrophic,
temperate shallow lakes (Jeppesen and others
1998). Such events may be caused by a variety of
factors: oxygen sags in eutrophic waters and under
ice, pollution and bacterial infection (Carvalho
1994; Lewis and others 2009; Balayla and others
2010). In lakes, fish are known to affect the com-
position, abundance and size structure of zoo-
plankton and invertebrate populations with
cascading effects on algal abundance and commu-
nity structure (Brooks and Dodson 1965; Carpenter
and others 1985; Carpenter and Lodge 1986;
Bronmark and Weisner 1992). In addition, changes
in fish populations can also affect phytoplankton
composition by influencing nutrient re-cycling
rates both directly and via modification of zoo-
plankton assemblages (Vanni and Layne 1997;
Vanni and others 1997). In theory, based on
available literature, a large kill of predominately
zooplanktivorous fish should have significant con-
sequences for food webs in shallow lakes, poten-
tially leading to a temporary (if fish recolonise) or
more permanent (if they do not) increase in large
invertebrates, an increase in the density of large
cladoceran zooplankton and consequent declines in
phytoplankton abundance accompanied by shifts
in species assembly. Furthermore, it is possible that
fish kills and indeed recovery of fish after a kill may
have important implications for aquatic macro-
phytes in shallow lakes, with, for example, a loss of
zooplanktivorous fish leading to enhanced trans-
parency thus favouring macrophyte expansion.
Indeed increases in macrophytes have often been
observed in formerly eutrophic, phytoplankton-
dominated lakes following biomanipulation (Mei-
jer and others 1999; Sendergaard and others 2008;
Jeppesen and others 2012).

As fish Kkills are mostly unpredictable, their con-
sequences have only rarely been investigated. To
compensate for this, biomanipulations and other
deliberate fish manipulation projects afford a
potentially analogous means of determining fish
loss effects on lake ecology. With few exceptions,
however, biomanipulation and fish kill studies
have generally been of short duration (see sum-
maries by Sendergaard and others 2007, 2008),
whereas, due to lags associated with fish re-
colonisation and population development follow-
ing a kill, effects on the ecosystem may last for
several decades leaving a considerable mismatch of

timescales (Carpenter and Leavitt 1991). Indeed,
more knowledge is required on how fish kills and
deliberate fish removals affect shallow lakes in the
long term (>10 years), especially in relation to
nutrient enrichment (Sendergaard and others
2008; Jeppesen and others 2012).

Palaeolimnology permits the study of Ilake
ecosystems over decades to millennia, and because
sediments typically preserve species from all com-
partments of the aquatic food web, including ben-
thic and pelagic habitats, it is possible to reconstruct
changes in whole-lake trophic structure (Rawcliffe
and others 2010). Thus, theories regarding lake
ecosystem responses to press (for example,
eutrophication, climate change) and/or pulse (for
example, pollution, deliberate or natural food web
manipulations) perturbations can be tested and
indeed developed from long-term observations of
changing system behaviour (Sayer and others
2010a). The potential for detecting fish effects on
lake food webs using sediment data has been
demonstrated by a number of studies involving
deliberate fish introductions and biomanipulations
(Leavitt and others 1994; Miskimmen and others
1995; Nykdnen and others 2009; Hobbs and others
2012). For example, Leavitt and others (1989)
studied the consequences of fish manipulations in
two USA lakes and showed predictable changes in
zooplankton body size (between Bosmina and
Daphnia dominance) as a response to changing le-
vels of planktivory. Further, Buchaca and others
(2011) showed an abrupt increase in remains of
planktonic cladocerans and coincident changes in
algal and bacterial communities as a response to
piscivorous fish introductions in Lake Furnas,
Azores. Palaeolimnological studies of natural and
pollution-induced fish kills are relatively rare,
however (Amsinck and others 2005; Davidson and
others 2005). The current study focuses on both the
short- and long-term consequences of fish kill
events for trophic structure and dynamics in two
shallow, nutrient-enriched English lakes.

Given the need for research on fish kill influ-
ences in shallow lakes, especially in relation to
long-term eutrophication forcing, we use a multi-
indicator palaeolimnological approach to assess
the decadal-scale response of two UK shallow lakes
to fish loss and consider the observed changes in
the context of prevailing ecological theory and
restoration practices. Both our study lakes experi-
enced large fish Kkills in the recent past (1950s—
1970s) with fish returning in one highly eutrophic,
currently macrophyte-poor lake (Barningham
Lake), but not in the other less eutrophic, macro-
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phyte-rich lake (Wolterton Lake). The two main
objectives of our study were to determine the re-
sponses of the two contrasting lake ecosystems to
fish Kkills in terms of trophic structure and macro-
phyte community change, with considerations on
the longevity and permanence of effects. Previous
monitoring studies have shown fish reduction to
have a variable impact at the macrophyte level
with permanent macrophyte expansion generally
only achieved where nutrient levels are low and
with a temporary or non response of macrophytes
at higher nutrient levels (Jeppesen and others
2012). Our palaeolimnological study expands on
previous work by exploring the consequences of
fish loss over longer timescales than even the
longest of monitoring studies.

We test the following hypotheses: (i) fish kills
result in trophic cascades with predictable conse-
quences for all trophic levels (that is, increases in
the abundance of plant-associated invertebrates
and zoobenthos, increases in the abundance of
large-bodied zooplankton, declines in phytoplank-
ton abundance) with effects that are temporary in
highly eutrophic Barningham Lake (fish return)
and permanent in less eutrophic Wolterton Lake
(fish do not return); (ii) fish kills promote increased
macrophyte abundance where they are initially
absent (Barningham) and slow down eutrophica-
tion-induced turnover where they are dominant
(Wolterton) but, regardless of starting conditions,
are insufficient to halt eutrophication-induced
degradation in the long term.

StupY SITES

Barningham Lake (52°52.26’N, 1°11.30°E) and
Wolterton Lake (52°50.8'N, 1°12.35’E) are located
in North Norfolk, eastern England. Both lakes were
excavated for ornamental purposes in the early
nineteenth centuries and have small catchments in
the upper reaches of the River Bure. Barningham
Lake is fed by a first-order stream and a series of
ditches which drain mainly arable land. Wolterton
Lake is fed by springs and ditches set in semi-im-
proved pasture land. The lakes are low-lying
(Barningham 45 m and Wolterton 25 m a.s.l.),
similarly small (Barningham 2 ha. and Wolterton
4.1 ha.), shallow (< 1.5 m average depth) and flat-
bottomed. Barningham Lake is highly eutrophic
(810 pg total phosphorus TP 17!, 1.6 mg nitrate
nitrogen NO5; -N 17') and has a sparse, species-
poor macrophyte community dominated by fila-
mentous algae (especially Enteromorpha intestinalis)
with scattered stands of Potamogeton crispus and
Zannichellia palustris. By contrast, Wolterton Lake is

less eutrophic (TP 63 pg 17, NO3™-N 1.3 mg 1™')
and generally supports an abundant aquatic vege-
tation typically dominated by Potamogeton pusillus
and Potamogeton pectinatus, but sometimes including
Chara spp. (Sayer and others 2010c). Currently,
seven fish species are known to be present in
Barningham Lake: roach (Rutilus rutilus), rudd
(Scardinius erythrophthalmus), European perch (Per-
ca fluviatilis), northern pike (Esox lucius), common
carp (Cyprinus carpio), tench (Tinca tinca) and
European eel (Anguilla anguilla). Wolterton Lake,
on the other hand, is apparently fishless as testified
by three recent surveys where no fish were cap-
tured (Jones and Sayer 2003; Zambrano and others
2006; Beresford and Jones 2010).

Two major fish kills are known to have occurred
in Barningham Lake. The first occurred in the early
1950s and is captured by a photograph (Figure 1)
showing large numbers of dead roach (dominant)
in addition to common bream (Abramis brama) and
northern pike. The cause of this kill is unknown. A
second major kill occurred in the late 1970s
involving the mass extirpation of roach, perch,
common bream and northern pike (J. Rogers pers.
comm.). This was due to a pollution event involv-
ing an upstream spillage of pea silage. Following
this event, fish populations are thought to have
recovered due to re-stocking (species unknown). In
Wolterton Lake, fish were abundant in the 1960s
with ““very large stocks of rudd, roach, eels, perch, pike
and tench” present (Bailey 1984). By the mid-
1970s, however, roach, rudd and perch had mostly
disappeared (C. Turnball and S. Harper, pers.

Figure 1. Dead fish recovered from Barningham Hall
Lake (Norfolk, eastern England) in the early 1950s. The
small and large fish in the cart are roach (Rutilus rutilus)
and common bream (Abramis brama), respectively. Two
northern pike (Esox lucius) are held in the air by the
person third from the left.
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comm.) and, throughout the 1980s, the tench
population also declined such that, by the late
1980s (Bailey 1984, 1987), fish were largely absent,
as is the case today. The causes of the early 1970s
fish decline at Wolterton are unknown, but a pol-
lution event was likely partly causal (C. Turnball
pers. comm.), possibly compounded by disease.
Although it cannot be ruled out, anoxia-induced
fish loss seems unlikely in a moderately eutrophic,
macrophyte-dominated lake. Fish absence after the
fish kill in Wolterton is likely due to a lack of
stocking and the lake’s isolation preventing natural
fish re-colonisation via dispersal.

METHODS
Core Collection and Sub-sampling

A single sediment core was collected from each of
Barningham (core code BARN1) and Wolterton
(core code WOLT1) Lakes using a wide-bore
(140 mm internal diameter) ““Big Ben’’ piston corer
(Patmore and others 2014) in November 2006. Cores
BARNI1 (90 cm length) and WOLT1 (70 cm length)
were taken from marginal locations at water depths
of 0.8 and 1 m, respectively. Big Ben was used so as
to extract sufficiently large sediment volumes for the
enumeration of larger, rarer fish, invertebrate and
plant remains. Both cores were sliced at 1-cm
intervals. Sub-samples for algal pigment analysis
were immediately placed in a cool box and frozen (at
—20°C) within a few hours of collection.

Sediment Dating

Sediment chronologies were produced using a
combination of radiometric, spheroidal carbona-
ceous particle (SCP) and event-based techniques.
Sediment samples from cores BARN1 and WOLT1
were analysed for *'°Pb, 2*°Ra and '*’Cs by direct
gamma assay at the UCL Environmental Radio-
metric Facility using an ORTEC HPGe GWL series
well-type coaxial low background intrinsic germa-
nium detector. Lead-210 was determined via its
gamma emissions at 46.5 keV, and **°Ra by the
295 and 352 keV gamma rays emitted by its
daughter isotope *'*Pb following 3-week storage in
sealed containers to allow radioactive equilibration.
Caesium-137 was measured by its emissions at
662 keV. The absolute efficiencies of the detector
were determined using calibrated sources and
sediment samples of known activity. Corrections
were made for the effect of self absorption of low-
energy gamma rays within the samples. Radio-
metric dates were calculated using the CRS (con-
stant rate of unsupported 2'°Pb supply) and CIC

(constant initial 2'°Pb concentration) !'°Pb dating
models where appropriate (Appleby and Oldfield
1978). Factors governing model choice are dis-
cussed elsewhere (Appleby and Oldfield 1983;
Appleby 2001).

SCP analysis of BARN1 and WOLT1 followed
the procedure described in Rose (1994). Sequen-
tial treatments using nitric, hydrofluoric and
hydrochloric acids removed organic, siliceous and
carbonate fractions, respectively, resulting in a
suspension of mainly carbonaceous material in
water. A known fraction of this suspension was
then evaporated onto a coverslip and the number
of SCPs counted using a light microscope at x400
magnification. Criteria for SCP identification under
the light microscope followed Rose (2008). SCP
concentrations were expressed as the number of
particles per gram dry mass of sediment (g~' dm).
Analytical blanks and SCP reference material (Rose
2008) were included in each batch of sample
digestions. The detection limit for the technique is
typically less than 100 g~' dm and the calculated
concentrations generally have an accuracy of
c. + 45 g~ dm. Dates were ascribed to features in
the SCP concentration profile as described in Rose
and others (1995) and Rose and Appleby (2005).
For this region of the UK, the start of the rapid
increase in SCP concentration is allocated a date of
1950 £ 10 years, whereas the SCP concentration
peak is 1970 £ 5 years.

As the lakes have known dates of construction,
these were also used to provide a basal date for the
sediment cores. Barningham Lake was constructed
in 1805 and Wolterton Lake in the 1820s. Lake
formation horizons were identified in the cores
from available lithostratigraphic data. Such tem-
porally well-resolved features are unusual for sed-
iment records during this period (that is, prior to
the start of the 2'°Pb record) and therefore provide
good tie-points for the derived chronologies.

Definitive chronologies and sediment age—depth
models were based on an assessment of all of the
above data.

Palaeolimnological Analyses

Macrofossil analysis was undertaken on 27 and 24
targeted sediment intervals in cores BARN1 and
WOLT1 using standard methods (Birks 2001). Be-
tween 30 and 50 cm’ of sediment, as determined
by water displacement, was sieved through a series
of meshes of 355 and 125 um using a gentle jet
of tap water. Macro-remains of macrophytes
(seeds, leaves, leaf-spines), invertebrates and fish
were identified with the assistance of a dedicated
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reference collection housed at the Environmental
Change Research Centre (ECRC), UCL. Historical
fish presence was determined both directly using
actual fish remains in the cores (scales, teeth,
bones) and indirectly by the occurrence of egg co-
coons of the fish leech Piscicola geometra. P. geometra
is a widespread European blood-sucking ectopara-
site on fish whose egg cocoons are attached to
plants and readily preserved in lake sediments
(Odgaard and Rasmussen 2001). The macrofossil
data were expressed as no. per 100 cm’ wet sedi-
ment. In this study, “invertebrate”” remains refer to
Mollusca, Trychoptera, Ephemeroptera and Bry-
ozoa and not to chironomids and Cladocera, which
are considered separately.

Algal abundance and community composition
were quantified from the analysis of fossil pigments
from freeze-dried whole sediments. Extracts were
filtered (0.2 pm pore) and evaporated to dryness
using the standard methods of Leavitt and Hodgson
(2001). Carotenoids, chlorophylls (Chls) and their
derivatives were isolated and quantified using a
high-performance liquid chromatography (HPLC)
system equipped with a photo-diode array detector
and calibrated with authentic standards. Pigment
analysis was restricted to taxonomically diagnostic
carotenoids, including those characteristic of silic-
eous algae and some dinoflagellates (fucoxanthin),
mainly diatoms (diatoxanthin), cryptophytes (al-
loxanthin), chlorophytes (Chl b, pheophytin b),
Nostocales cyanobacteria (canthaxanthin), total
cyanobacteria  (echinenone), purple sulphur
bacteria (okenone), total algae (f-carotene), as
well as ubiquitous Chl 4 and its derivative pheo-
phytin a. Carotenoids from chlorophytes (lutein)
and cyanobacteria (zeaxanthin) were inseparable
and were presented together as lutein—-zeaxanthin
(potentially bloom-forming algae). All pigment
concentrations were expressed as nmol pigment g~
! sediment C, a metric linearly correlated to annual
algal standing stock in whole-lake calibration
studies (reviewed in Leavitt and Hodgson 2001).
Potential changes in the preservation environment
of sediments were identified as prolonged and
pronounced changes in the ratio of undegraded Chl
a to its chemically stable derivative pheophytin a.
Finally, concentrations of derivatives of the UV
radiation (UVR)-absorbing compound scytonemin
were estimated relative to the sum of alloxanthin,
diatoxanthin and lutein-zeaxanthin. This UVR in-
dex is linearly correlated to the depth of UVR
penetration in whole-lake experiments and pro-
vides a metric of algal exposure to damaging levels
of irradiance (Leavitt and others 1997).

Diatom analysis was undertaken using standard
procedures (Battarbee and others 2001) on 28
samples from core BARNI only. A minimum of 300
valves were counted on each slide at x1000 mag-
nification with diatom data expressed as percentage
abundances.

Analysis of cladoceran sub-fossils was carried out
as outlined in Davidson and others (2007) with
standard methods (Korhola and Rautio 2001)
adapted to include ephippial remains from taxa (for
example, Daphnia spp.) which leave few chitinous
fossils (Jeppesen and others 2001). Here ephippia
were enumerated from the much larger volume of
sediment used in the macrofossil analysis (ex-
pressed as no. per 100 cm’ wet sediment). For
chitinous cladoceran remains, samples of at least
1 g were heated in a deflocculating agent (KOH)
and sieved at 150 and 50 um. Sub-samples of each
fraction were then identified using a compound
microscope at x40-100. Identifications were made
with reference to Flossner (1972), Frey (1958) and
Alonso (1996) with data expressed as percentage
abundances. As ephippial remains from Daphnia
hyalinal Daphnia longispina are difficult to separate
based on morphological features, these were com-
bined as D. hyalina agg.

Chironomids were extracted from sediments fol-
lowing the methods outlined in Brooks and others
(2007). Samples were deflocculated in 10% KOH
which was heated to 75°C for 15 min. The samples
were then sieved through a 90 pm mesh and the re-
sidue was examined under a stereo-zoom microscope
at x25 magnification. Each head capsule found was
picked out and mounted onto a microscope slide in a
solution of Hydromatrix. Head capsules were identi-
fied following Brooks and others (2007), and the data
were expressed as percentage abundances.

Numerical Analysis and Data
Manipulation

Principal curves (PC) analysis (De’ath 1999) affords
a generalisation of the principal axes of variation in
an ordination and is a useful means of summarising
patterns of species composition change in strati-
graphic data (Simpson and Birks 2012). Here, we
applied PC to all biological groups with different
start points used for each. In general principal
components analysis (PCA), axis scores based on
Hellinger transformed data (Legendre and Gal-
lagher 2001) were used to establish start points, but
for the pigment data a distance-based PCA using
Bray—Curtis dissimilarities was employed. LOESS
was used as the smoothing function with the
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optimal degree of smoothing determined by a
generalised cross-validation procedure. Given vari-
ations in the type and production rates of macro-
fossil remains (for example, seeds versus leaf re-
mains) and as the data contained a high number of
zeros, the macrofossil data were centred and stan-
dardised prior to Hellinger transformation. The
diatom, cladoceran and chironomid data were
converted to relative abundances, with cladoceran
ephippia converted to weighted relative abun-
dances following Davidson and others (2007).
Those pigments showing signs of degradation (fu-
coxanthin, Chl a) or replicating other pigments
(pheophytin a, f-carotene and myxoxanthophyll)
were deleted prior to analysis. All data were square
root transformed prior to analysis carried out using
pcurve (Hastie and others 2011) in R version 2.15.1
(R Development Core Team 2011).

Breakpoint analysis was carried out using mul-
tivariate regression tree (MRT) analysis (De’ath
2002). Analysis was carried out for each proxy
separately with date used as the explanatory vari-
able. MRTs use binary recursive partitioning to
identify points along the selected gradient (that is,
date), which result in the largest difference in the
two resultant groups. This can be subtly different
from identifying the point of greatest change as it is
dependent on the degree of change before and after
the identified breakpoint. Regression trees over-fit
the model to the data and need to be ‘pruned’ (via a
cost complexity measure), based on cross-valida-
tion using a measure of prediction error (De’ath
2002). The pruning ensures that only the most
significant groups and breakpoints are identified in
the pruned model.

REsuLTS
Barningham Lake
Core Chronology

For BARN1, unsupported 2!°Pb activity, calculated
by subtracting *?°Ra activity from total 2'°Pb,
declines more or less exponentially with depth al-
though there are possible non-monotonic features
in the record. Caesium-137 activity shows a peak at
34-35 cm that is assumed to record the 1963 fallout
maximum. However, the CRS and CIC dating
models (Appleby 2001) place 1963 at 53 and
61 cm, respectively, which differs significantly
from the '*’Cs record. The deeper date for 1963
from the CIC model may be due to these non-
monotonic features and hence the final radiometric
chronology for BARN1 was calculated using CRS

model output with the '>’Cs 1963 depth used as a
reference point. The SCP data show the start of the
rapid concentration increase at c. 42 cm and the
concentration peak at 32 cm. These are ascribed
dates of 1950 £ 10 years and 1970 & 5 years
showing a very good agreement with the radio-
metric chronology (Figure 2). Although there are
no dating features prior to 1930 for this core,
extrapolation of the basal sediment accumulation
rate is also in reasonable agreement with a sedi-
ment depth of 89 cm likely representing the for-
mation of the lake in 1805. Such extrapolations
should be treated with caution, but may indicate a
relatively consistent sediment accumulation rate
over the first c. 100 years of the lake. The combined
chronology indicates a gradually increasing rate of
sedimentation after the 1950s such that most re-
cent rates (0.29 g cm 2y~ ') are around fourfold
those in the 1920s, at the base of the section
dateable by radiometric means.

Fish Remains and Indicators

Remains of fish in core BARNI1 consist of scales and
scale fragments of cyprinid fish and perch, teeth of
pike and undifferentiated fish bones and vertebrae
(Figure 3A). Fish vertebrae are only abundant
during the fish kill era (45-20 cm = 1952-1987),
which may reflect the occurrence of dead fish close
to the core site. P. geometra egg cocoons do not
decline after the 1950s fish kill, but disappear
completely for two consecutive sediment levels
following the late 1970s (26-22 cm = 1978-1984)
kill potentially suggesting a more complete loss of
fish.

Invertebrate Remains

Invertebrate remains, consisting largely of Mol-
lusca, occur for the first time at 40-41 cm
(1952 % 6 years) as a clear response to the first fish
kill (Figure 4A). All of Hippeutis complanatus, Gyr-
aulus albus, Gyraulus crista and Pisidium spp. rise in
numbers above this level peaking at 34-35 cm
(1964 + 4 years), prior to a steep decline. Valvata
cristata appears at 31-32 cm (1970 £ 3 years) and
Bithynia tentaculata at 24-25 cm (1981 =+ 2 years).
Above 20 cm (1987 % 2 years), mollusc remains
are scarce, and with the exception of Pisidium spp.
and B. tentaculata, all other species disappear. Major
directional shifts were evident in the invertebrate
PC after the 1950s fish kill, with significant
regression tree breakpoints for 1944, 1966 and
1973 (Figure 10A).
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Figure 2. Age—depth
relations for core BARN1
in Barningham Lake (A)
and core WOLTI in
Wolterton Lake (B). Black
boxes represent points of
lake formation as
determined from
lithostratigraphic data;
open circles indicate
radiometric dates and
solid triangles indicate
SCP-derived dates. Line
indicates the age—depth
model used in this paper.
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Chironomid Remains

The basal section of the chironomid stratigraphy
(Figure 5A), prior to the early 1950s fish Kkill, is
dominated by taxa typically associated with eu-
trophic lakes, such as Cricotopus intersectus type,
Glyptotendipes pallens type and Chironomus plumosus
type (Brodersen and others 2001; Ruiz and others
2006; Langdon and others 2010). At around the
time of the first fish kill (40 cm = 1952 + 4 years),
there is a gradual shift towards C. plumosus-type and
Tanytarsus mendax-type dominance, whereas C.
intersectus type and G. pallens type are reduced to
minor components of the chironomid community
and never recover to pre-kill numbers. The chi-
ronomid PC exhibits a gradual change with little
obvious evidence of a fish kill signal, although a
significant regression tree breakpoint is evident
during the fish kills period for 1966 (Figure 10A).

T T T d
1950 1970 1990 2010

Zooplankton Remains

Prior to the early 1950s, fish kill in Barningham
dominance by Bosmina longirostris combined with
low contributions from plant-associated species
strongly suggests a eutrophic, largely plant-free
lake. The 1950s fish kill is clearly marked in
the Barningham cladoceran data (Figure 6A) by
the commencement of a steep decline in B. lon-
girostris remains and increasing concentrations of
Simocephalus sp. ephippia from around 40 cm
(1952 + 6 years). A further fish kill-type signature
occurs at 34 cm, where there is a sudden increase
in D. hyalina and first appearance of D. pulex. This
corresponds to a date of 1964 + 4 years, perhaps
suggesting a hitherto unrecorded, additional de-
cline in fish. The late 1970s kill is again clearly
evident at 25 cm (1980 4+ 2 years) marked by
a sudden increase in D. magna and peaks in
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Figure 3. Fish remains and fish presence indicators (Piscicola geometra egg cocoons) in core BARN1 from Barningham Lake
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Simocephalus and Leydigia spp. ephippia. After this
later kill, there are declines in D. hyalina agg., D.
magna and Simocephalus sp. and a concomitant re-
turn of B. longirostris dominance providing clear
evidence of fish recovery. The cladoceran remains
strongly suggest an increase in macrophyte cover
following the early 1950s kill with an increase in
the plant-associated Graptoleberis testudinaria, along
with smaller increases in Chydorus sphaericus and
Eurycercus lamellatus. These taxa suggest that
macrophytes, or at least significant benthic primary
production, occurred at the site until the late
1980s, after which declines in G. testudinaria suggest
a lower abundance of plants. Major shifts in the
cladoceran PC are associated with both the early
1950s and late 1970s kills with significant regres-

sion tree breakpoints identified for 1958 and 1979,
respectively (Figure 10A).

Macrophyte Remains

Prior to the fish kills, and typical of a highly eu-
trophic largely plant-free lake, remains of aquatic
macrophytes are generally sparse and sporadic in
core BARN1 (Figure 7A), being restricted to a few
spines from C. demersum and seed fragments from
Nymphaea alba. At 46 cm (1936 £ 12 years), just
prior to the fish Kkills period, both P. crispus turion
teeth and undifferentiated Potamogeton seed frag-
ments (likely from P. crispus) occur for the first
time. Then, following the early 1950s fish kill,
there is a sharp rise in C. demersum, continued
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presence of P. crispus, first appearance of Ranunculus
sect. Batrachium remains and more consistent
presence of Z. palustris suggesting a more abundant
submerged vegetation. C. demersum, Potamogeton
undiff. and Z. palustris disappear above 25 cm
(1980 £ 2 years) and thereafter macrophyte re-
mains are scarce. Callitriche sp. seeds occur for the
first time at 21-22 cm (1986 + 2 years) with a
major peak at 10-11 cm (1996 +£ 2 years). Similar
to the invertebrates, major directional shifts in the
macrophyte PC are evident after the 1950s Kkill,
although the only significant regression tree
breakpoint occurs much earlier in 1928 associated
with the first major appearance of macrophyte re-
mains, especially Potamogeton spp. (Figure 10A).

Algal Pigments

Throughout the sediment profile, pigments are
generally indicative of a eutrophic, shallow lake.
Initial fossil pigment assemblages in Barningham

include colonial (myxoxanthophyll) and N,-fixing
cyanobacteria (aphanizophyll), as well as elevated
abundances of diatoms (diatoxanthin) and crypto-
phytes (alloxanthin) (Figure 8A). Above 75 cm (c.
1848), aphanizophyll and myxoxanthophyll and
several other pigments decline with the former
undetected after this point. The fish kills period is
marked by increases in chlorophytes—cyanobacteria
(lutein—zeaxanthin), myxoxanthophyll and to a
lesser extent diatoxanthin and chlorophytes (pheo-
phytin b), with all of these pigments declining above
about 19 cm (1988 =+ 2 years) likely associated with
major fish re-colonisation subsequent to the late
1970s fish kill. Other pigments increase after this
point including ubiquitous Chl g, labile fucoxanthin
from siliceous algae and UVR-indicator compounds.
The pigment PC data are characterised by a “hump”’
of higher values over the fish kills period with a
significant breakpoint identified for 1984 (although
a much earlier breakpoint occurred at c. 1839) just
after the second kill (Figure 10A).
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Diatom Remains

Below 75 cm (c. 1848), diatom assemblages are
dominated by epi-benthic species of Staurosira,
Staurosirella and Pseudostaurosira (formerly Fragi-
laria spp.), with high percentages of the planktonic
diatoms Cyclostephanos dubius and Stephanodiscus
hantzschii suggesting eutrophic conditions (Fig-
ure 9). Above 75 cm, S. hantzschii disappears and C.
dubius increases attaining a peak at 54-55 cm
(c. 1911), where it co-dominates with species in
the Staurosira—Staurosirella—Pseudostaurosira com-
plex. Above 43 cm (1944 + 8 years), just before
the major changes in the Cladocera indicative of
the first fish kill, there is a sharp decline in C. dubius
coincident with increases in Staurosira construens
var. venter, Pseudostaurosira brevistriata and Amphora
ovalis. A significant regression tree break (for 1941)
marks this change, although the PC also shows a
substantial change (not associated with a signifi-
cant breakpoint) associated with the early 1950s
kill (Figure 10A). The reduction in C. dubius persists

until the core top, with a slight upturn evident
above 20 cm (1987 £ 2 years).

Wolterton Lake
Core Chronology

For WOLTI1, the pattern of unsupported >'°Pb
activity is quite unusual, declining with depth from
the surface to 45-46 cm, followed by a significant
increase at the base. However, '*’Cs activity shows
a relatively well-resolved peak at 22-23 cm, as-
sumed to indicate 1963. Because of the unusual
219ph record, the CRS dating model misplaces 1963
and hence the #'°Pb chronology is corrected using
the '*’Cs date as a reference point. The SCP data
show a rapid concentration increase at 28 cm and a
concentration peak at 20 cm, and these are as-
cribed dates of 1950 &£ 10 and 1970 % 5 years,
respectively. As with BARN1, these SCP dates show
a good agreement with the radiometric chronology
and extrapolated basal sediment accumulation
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Figure 6. Summary cladoceran stratigraphy for core BARN1 from Barningham Lake (A) and core WOLT1 from Wolterton
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rates also agree reasonably with the 1820s lake
formation horizon at about 65 cm (Figure 2B). The
combined chronology indicates a steady rate of
sedimentation up to the 1960s after which rates
accelerate to a most recent (2006) value of
0.18 g cm 2y~ !, around three times higher than
in the 1930s at the base of the radiometrically dated
section.

Fish Remains and Indicators

Fish debris was abundant in core WOLT1 (Fig-
ure 3B) consisting of scale fragments of cyprinid
fish, scales of perch, scales and teeth of pike and
undifferentiated fish vertebrae. Consistent with the
known loss of fish from Wolterton Lake in the early
1970s, both fish remains and P. geometra egg co-
coons decline sharply above 20 cm (1971 £ 5
years). Just one cyprinid scale fragment was re-
corded above this level, although P. geometra egg
cocoons continue to occur sporadically. Although
the former is presumably due to sediment resus-

pension as opposed to fish presence, the latter
may be due to P. geometra shifting host from fish
to amphibians, a known phenomenon (Sawyer
1986).

Invertebrate Remains

Core WOLTI1 preserves a rich record of inverte-
brates (20+ species) suggestive of macrophyte-
dominated conditions throughout its history. The
major change in the invertebrate stratigraphy
coincides with the early 1970s fish kill (Figure 4B)
as reflected by a major change in the PC and a
significant regression tree breakpoint in 1968
(Figure 10B). Before the kill, invertebrate remains
are much sparser with dominance by bryozoans
(Plumatella spp. and Cristatella mucedo), the tri-
chopterans Orthotricia sp. and Agralea multipunctata
(although the latter is only abundant between 51
and 42 cm c. 1866-1897) and a few species of
Mollusca, especially B. tentaculata and Potamopyrqgus
antipodarum. After the kill, numbers of several
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invertebrate taxa sparsely present or absent before
this point increase, including the dipteran Chao-
borus sp., the molluscs Pisidium spp., Valvata pisci-
nalis and G. albus, and Ephemeroptera and
Trychoptera spp. (A. multipunctata and multiple
(n = 4) case types suggests the occurrence of sev-
eral species).

Chironomid Remains

In WOLTI, the chironomids (Figure 5B) show a
gradual long-term shift with plant-associated gen-

era such as Psectrocladius, Cricotopus and Dicrotendipes
dominating the lower sections of the sequence, but
showing a decline from 60 to 25 cm. The major
change in chironomid taxa occurs between 25 and
20 cm (1956-1971) encompassing the time of the
early 1970s fish kill as reflected by a major change
in the PCs and a significant regression tree break-
point for 1973 (Figure 10B). The aforementioned
taxa decline over this section, while other taxa,
such as C. plumosus type, T. medax type, Einfeldia
natchitocheae type and Cladotanytarsus mancus type,
which are typical of more eutrophic lakes, increase
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in abundance and continue to dominate the se-
quence to the core surface.

Zooplankton Remains

A diverse record of changing cladoceran assembly is
preserved in core WOLT1 (Figure 6B). Major
changes occur coincident with the early 1970s fish
kill as reflected by the PC and a significant regres-
sion tree breakpoint for 1973 (Figure 10B). Before
the kill, assemblages are dominated by plant-asso-
ciated cladocerans (especially Acroperus harpae and
C. sphaericus), and the pelagic B. longirostris and
Daphnia spp., in particular, are sparsely present
suggesting macrophyte dominance. Post-kill, sev-
eral species undergo a dramatic increase, particu-
larly D. hyalina agg., D. magna and D. pulex, all of
which remain abundant until the core top.

Macrophyte Remains

The plant macrofossil record from WOLT1 (Fig-
ure 7B) shows step-wise community changes over

time that are generally indicative of progressive
eutrophication. Below 45 cm (c. 1886), there is
dominance by oospores of Chara and Nitella spp.
(likely including multiple Chara species) and seeds
of Myriophyllum spicatum. After this point, there are
successive peaks in R. sect. Batrachium seeds (38—
39 cm, c. 1909), C. demersum spines (30-31 cm, c.
1938) and later C. demersum seed remains (20—
21 cm, 1971 &+ 5 years), followed by a shift to
co-dominance of Z. palustris and P. pusillus above
17-18 cm (1978 + 4 years). The macrophyte PC
shows increased change associated with the fish
kill, although the only significant regression tree
breakpoint occurs for 1903 (Figure 10B).

Algal Pigments

Concentrations of most pigments increase following
the formation of Wolterton Lake and reach
stable values during the early 20th century (Fig-
ure 8B). Overall, the lake appears to have been rel-
atively productive over much of its history, with
elevated concentrations of carotenoids from colonial
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(myxoxanthophyll, canthaxanthin) cyanobacteria.
Ratios of Chl a:pheophytin a increase fourfold fol-
lowing the early 1970s fish kill suggesting improved
preservation. Equally, concentrations of cyanobac-
terial pigments increase (up to 200%) in a staggered
way after the kill: total cyanobacteria (echinone)
and myxoxanthophyll above 21 cm (= 1971 £
5 years) and aphanizophyll above 18 cm (= 1976 +
4 years). This suggests elevated production of blue-
green algae. Although absolute values of the UVR
index are modest (compare Leavitt and others 1997),
a marked increase in this parameter after the loss of
fish suggests an increase in water transparency. A
substantial change in the pigments’ PC and an
associated significant regression tree breakpoint (for
1980) occurs in the early 1980s, a few years after the
fish kill (Figure 10B).

Discussion
Detecting the Fish Kills

Although fish kill signatures can be seen across
multiple biological groups, they are most clearly
detected by the Cladocera, especially Daphnia spp.
and B. longirostris. In Wolterton, an early 1970s fish
disappearance is elegantly recorded by a dramatic

post-1971 increase in large Daphnia spp., a decline
in B. longirostris and by a major change in the
cladoceran PC (Figure 10B). In Barningham, the
data suggest the occurrence of two fish Kkills as
supported by the available historical evidence. The
first early 1950s kill is clearly represented in the
Cladocera by increases in D. hyalina agg. and Si-
mocephalus spp. ephippia and, similar to Wolterton,
a synchronous decline in B. longirostris. In contrast
to Wolterton, D. magna did not increase at this
point, likely due to high plant densities following
the kill (see discussion below) and/or an incom-
plete loss of fish and thus some level of fish pre-
dation. Support for the latter idea of a partial fish
kill in Barningham comes from the occurrence of
perch scales in the BARN1 core prior to the 1950s,
combined with an absence of this species in the
1950s fish kill photograph (Figure 1). Thus, al-
though roach, common bream and pike were likely
extirpated in the 1950s (all in the photograph),
perch probably survived. In addition, persistence
over the 1950s-1970s of cocoons from the fish
leach P. geometra suggests a continued occurrence
of fish hosts. The second historically documented
late 1970s fish kill in Barningham is clearly marked
by a substantial increase in D. magna at 25 cm
(1980 = 2 years).
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Pre-kill Conditions

To understand the response of the two study lakes
to fish kills, a reconstruction of pre-kill ecosystem
structure and development is required in addition
to a consideration of other potential drivers of
ecological change, especially eutrophication. In
Barningham, sparse plant macro-remains, com-
bined with dominance in the Cladocera by B. lon-
girostris and low representation of plant-associated
cladoceran taxa, strongly suggest a highly eu-
trophic, largely macrophyte-free lake with abun-
dant zooplanktivorous fish prior to the early 1950s
fish kill (Davidson and others 2010a). Consistent
with this hypothesis, high percentages of the
planktonic diatom C. dubius (Figure 9) suggest high
pelagic productivity before the fish kills period. By
contrast, in Wolterton, cladoceran, chironomid and
plant macrofossils allude to a clear-water lake with

a diverse and abundant aquatic vegetation prior to
the mid-1970s fish decline, although compositional
shifts afford evidence for progressive nutrient
enrichment during the preceding century. Before
the late 1800s, exceptionally high concentrations of
Chara and Nitella spp. oospores suggest dense
charophyte lawns in Wolterton Lake, a situation
typical of low-nutrient European shallow lakes
during this era (Sayer and others 2010b, 2012;
Baastrup-Spohr and others 2013). After 1900,
however, a decline in charophyte remains and in-
creases in macrofossils of C. demersum and R.
sect. Batrachium signal plant structural changes
typical of eutrophication and a declining light
climate (Sayer and others 2010b). Equally, con-
comitant increases of colonial cyanobacteria (aph-
anizophyll, myxoxanthophyll, canthaxanthin) and
of filter-feeding bryozoans (Plumatella spp. and C.
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mucedo), combined with declines in the plant-
dwelling zooplankters Camptocerus rectirostris and
Alonella nana, are consistent with increasing pelagic
relative to benthic primary production (Har-
tikainen and others 2009; Davidson and others
2011). Thus, although Wolterton was macrophyte
dominated prior to the 1970s fish kill, it was likely
already on a trajectory of progressive eutrophica-
tion.

Trophic Cascade Response to Fish Kills

It was hypothesised that fish kills would result in
strong trophic cascade effects on biological struc-
ture which would be temporary in Barningham
(due to fish re-colonisation) and permanent in
Wolterton (due to a failure of fish to recolonise).
Clear-cut and mostly predictable changes to
cladoceran species assembly and body size were
evident in both lakes. Large-bodied Daphnia
abundance increased rapidly following fish declines
indicative of much reduced predation pressure on
pelagic zooplankton. In Wolterton, D. hyalina agg.
and D. magna increased in a synchronous manner
after the early 1970s fish kill. By contrast, in
Barningham, whereas D. hyalina agg. increased
following the early 1950s Kkill, D. magna did not
increase until after the late 1970s kill. D. magna
tends to dominate in shallow lakes where fish
populations are low and macrophytes are sparse
(Lauridsen and Lodge 1996; Davidson and others
2010a). This was likely the case in Barningham in
the late 1970s with the macrofossils suggesting a
major decline of C. demersum and Potamogeton spp.
from c. 1972 onwards. Further, a more complete
fish loss in the late 1970s may have especially
promoted D. magna (see previous discussion). In
parallel with Daphnia increases after the early
1950s, the smaller pelagic B. longirostris underwent
a substantial decline undoubtedly due to increased
interspecific competition. This shift from small to
large cladoceran species is consistent with a classic
size structure response to lowered zooplanktivory
as predicted by the size efficiency hypothesis
(Brooks and Dodson 1965). Indeed, similar changes
have been recorded in other shallow lakes follow-
ing fish kills and biomanipulations (Jeppesen and
others 1998; Meijer and others 1999; Hobbs and
others 2012).

Compared to the zooplankton, the response of
invertebrates to changing fish populations in shal-
low lakes is less well understood in the scientific
literature. Some studies have suggested that trophic
cascade effects of fish on invertebrates are damp-
ened in species-rich, macrophyte-dominated lakes

due to diverse feeding pathways (which lowers
interaction strength), combined with high struc-
tural complexity resulting in reduced foraging
efficiency (Diehl 1988; Pierce and Hinrichs 1997).
Following this argument, it might be expected that
fish kill influence on invertebrates would be more
strongly evident in macrophyte-poor Barningham
compared to speciose, macrophyte-dominated
Wolterton. By contrast, two previous field investi-
gations in English shallow lakes, which included
Wolterton as a study site (Jones and Sayer 2003;
Beresford and Jones 2010), have revealed strong
influences of fish on invertebrates under conditions
of macrophyte dominance. In support of the latter
idea, we show major increases in invertebrate
abundances coincident with fish loss covering both
pelagic (Chaoborus sp.) and epi-benthic (for exam-
ple, Mollusca, Trichoptera, Ephemeroptera) species
regardless of pre-fish kill macrophyte abundance:
low in Barningham before the early 1950s kill and
high in Wolterton prior to the early 1970s kill. It
should be noted, however, that 1950s increases in
invertebrates in Barningham (especially Mollusca)
might also be strongly linked to increases in
macrophyte coverage (as opposed to reduced pre-
dation) following fish loss (Figure 7A), with this
significantly enhancing habitat availability. It is not
possible to definitively separate these two potential
causes, but low abundances of invertebrates after
the early 1970s kill, when macrophytes were ab-
sent, suggest that habitat was a key driver of
invertebrate change. Thus, fish kill influence on
invertebrates was likely partly indirect in Barn-
ingham.

Although a significant change was evident in
Wolterton, in contrast to the other invertebrates,
the response of chironomids to fish kills was com-
paratively dampened and less clear-cut in Barn-
ingham Lake (Figures 5, 10). Possibly, this may
relate to an overall preference of fish for larger
invertebrates and not for small-bodied chirono-
mids. A similar pattern was recorded in enclosure
experiments by Beresford and Jones (2010) where
fish guts contained high abundances of larger more
motile Gastropoda, Ephemeroptera and Odonata,
with lower numbers of smaller Chironomidae and
Oligochaeta. Further, in a study of controls over
chironomid composition in surface sediments from
shallow lakes with strong measured nutrient,
macrophyte and fish predation gradients, fish had a
negligible influence over species assembly with
macrophyte diversity/abundance and TP more
important (Langdon and others 2010). It seems
likely, therefore, that background eutrophication
forcing was a key overriding driver of Barningham
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chironomid changes possibly linked to changes in
benthic habitat structure and oxygen status.

At the phytoplankton level, theory would predict
a reduction in pelagic algal abundance following
fish declines due to enhanced grazing and/or in-
creased phosphorus storage in the zooplankton
associated with increases in large cladocerans
(Vanni and Layne 1997). Although our data do
suggest changes to phytoplankton abundance and
composition following the fish kills, it is not possible
to separate the relative influences of direct grazing
versus changes in nutrient storage. Interestingly,
planktonic diatoms (especially C. dubius) showed a
substantial reduction in the mid-1940s just prior to
the 1950s fish kill (Figure 9) potentially suggesting
a pre-kill reduction in eutrophication development.
Nevertheless, the kill coincided with a further de-
crease in C. dubius and a parallel (although non-
significant) shift in the diatom PC (Figure 10A).
Despite a loss of macrophytes after c. 1972 and a
recovery of fish by the late 1980s, planktonic dia-
toms failed to make a major return, although
moderate increases were evident after the mid-
1980s and the pattern of C. dubius change generally
closely followed that of B. longirostris suggesting a
strong fish-zooplankton—-diatom cascade. Diatom
data were not available for Wolterton, but reduc-
tions in planktonic algae are suggested, albeit
indirectly, by post-kill declines in filter-feeding
bryozoans (Plumatella sp. and C. mucedo—see Fig-
ure 4B) indicative of substantially reduced phyto-
plankton food (Hartikainen and others 2009).

The pigment data suggest other important algal
compositional shifts linked to the fish kills (Fig-
ure 8). In both lakes, fish absence was associated
with increases in cyanobacterial pigments with a
bulge of myxoxanthophyll and lutein—zeaxanthin
in Barningham during the fish kills period and in-
creases in echinenone, myxoxanthophyll and
aphanizophyll evident in Wolterton following the
1970s kill. This finding contradicts with most
biomanipulation studies where fish reduction has
generally been accompanied by increases in small
fast-growing algae (for example, cryptophytes) and
declines in cyanobacteria linked to high predation
on larger algae (Sendergaard and other 2008). A
likely explanation for this pattern is a size refugia
effect whereby blue-green algae (especially colonial
species) are promoted by high Daphnia grazing due
to their relative inedibility, compared to other pe-
lagic algae (Jones and Jeppesen 2007; Gulati and
others 2008). Supporting this, observation field
investigations revealed bloom-forming populations
of Aphanizomenon sp. in fish-free Wolterton during
1999-2000 (Sayer and others 2010c).

Sequencing and Permanence of Fish Kill
Effects?

In Wolterton, the permanent loss of fish in the
early 1970s led to a persistent change (until pre-
sent) in the ecosystem characterised by much
higher abundances of plant-associated inverte-
brates, large-bodied Cladocera and likely domi-
nance of Chaoborus sp. as an open-water predator.
In Barningham, following the early 1950s kill, fish
populations were low and our data suggest that
macrophytes quickly colonised and were abundant
until about 1972 after which a decline is signalled
by reductions in remains of C. demersum and plant-
associated invertebrates. This loss of macrophytes
occurred before any major return of fish, as would
have been apparent in the cladoceran data. Thus,
macrophytes persisted for around 20 years follow-
ing the first fish kill, but eventually declined sug-
gesting that, even in the absence of fish, underlying
eutrophication was sufficient to induce a loss of
aquatic vegetation. In contrast to the 1950s kill,
there was no evidence for a return of macrophytes
after the late 1970s kill, the explanation for which
is indeterminable from our palaeo-data and thus
open for debate. Nevertheless, an inconsistent re-
sponse of macrophytes to biomanipulation-induced
fish removal has often been observed in shallow
eutrophic lakes (Gulati and others 2008; Jeppesen
and others 2012). Certainly, some 8-10 years after
the late 1970s Kkill, fish populations started to re-
cover in Barningham as indicated by declines in D.
magna in the late 1980s. It is possible that a
recovery of macrophytes at this stage was hindered
by a more rapid return of fish and/or possibly fur-
ther development of eutrophication. By the late
1990s, a rise in B. longirostris back to pre-1950s fish
kill levels likely signals a substantial fish popula-
tion. Therefore, as hypothesised, while fish kill
effects on lake ecology were permanent in
Wolterton, due to a lack of fish recovery, Barn-
ingham, at least after the first kill, behaved in an
““elastic way’”” with the recovery of fish leading to a
relatively rapid reversion back to turbid, eutrophic
conditions. Certainly, given highly eutrophic con-
ditions in Barningham Lake a quick loss of plants
would be expected.

Implications for Theory and Lake
Restoration

In a review of many European biomanipulation
studies, Sendergaard and others (2008) concluded
that, due to a relatively rapid post-manipulation re-
colonisation of fish, most lake variables showed
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short-lived change (generally <10 years), and in
general, although aquatic vegetation frequently
returned following fish removal, it declined or was
lost altogether as fish populations recovered and
high zooplanktivory resumed. Indeed, lasting ef-
fects of biomanipulation are thought to be only
achieved where nutrient levels are low (perhaps
less than around 50 pg TP 17') and where bioma-
nipulation is repeated (Jeppesen and others 2012).
The results from Barningham clearly confirm the
short-term and highly temporary effects of fish
removal impacts at high nutrient levels and also
support the literature (for example, Gulati and
others 2008) in confirming an inconsistent re-
sponse of macrophyte to biomanipulation.

In Wolterton, despite clear evidence for increased
zooplanktivory following the fish decline, there
was no clear corresponding change to macrophyte
communities. Alternatively, the Wolterton macro-
fossil data suggest a pattern of macrophyte change
consistent with centennial-scale eutrophication.
The transition from charophytes/M. spicatum (c.
pre-1890), to Ceratophyllum/Ranunculus (early-mid
twentieth century) and finally to Z. palustris/fine-
leaved Potamogeton (late 1970s) dominance is
commonly documented in European shallow lakes
affected by nutrient enrichment. In particular, the
latter shift to Potamogeton—Zannichellia is an often
observed eutrophication ‘end stage’ (Sayer and
others 2010b; Hilt and others 2013; Bennion and
others 2015), characterised by a short summer
phase of high macrophyte coverage, followed by
macrophyte decline in late summer and high phy-
toplankton abundances (Sayer and others 2010c).
Indeed, lakes in this situation are thought to be
more similar in function to turbid, plant-free lakes
than to high-diversity macrophyte-dominated
lakes (Sayer and others 2010¢; Davidson and others
2010a). Thus, even in the absence of fish and any
significant grazing on large cladocerans, it appears
that eutrophication continued to exert a strong
negative influence on macrophytes in Wolterton
Lake. Other signals in the Wolterton palaeo-record
support this hypothesis, including increases in B.
longirostris prior to and following the early 1970s
fish kill suggesting increases in pelagic chlorophyll
a (Davidson and others 2010a, b). Thus, although
fish disappearance may have slowed down the
eutrophication process, it was not able to halt it in
the long term.

CONCLUSIONS

Our study is unique in showing fish loss effects for
macrophyte-dominated and macrophyte-free lakes

across multiple trophic levels and covering a longer
timescale than even the most long term of shallow
lake monitoring studies. Important implications for
lake restoration ecology and ecological theory arise
from this study. Firstly, it is evident from both
lakes that restoration needs to tackle eutrophica-
tion as the absolute priority to achieve sustainable
results, that is, higher macrophyte diversity and
ideally macrophyte dominance over long periods of
the year (Sayer and others 2010c; Hilt and others
2013). Indeed, similar to recent reviews, this study
suggests that biomanipulation is only a sustainable
lake restoration tool where background eutrophi-
cation issues have already been tackled. Secondly,
this study supports the idea that eutrophication-
driven loss of macrophytes is a slow, progressive
process in shallow lakes (for example, Sayer and
others 2010b, ¢) such that perturbations and re-
gime shifts are not necessary pre-cursors to
macrophyte loss. In this respect, fish kills and fish
re-colonisations can be seen as superimposed
perturbations which temporarily disturb (as at
Barningham) or potentially slow down (as at
Wolterton) eutrophication trajectories, but do not
significantly change the destination, namely eu-
trophic conditions and phytoplankton dominance.
In this sense, it is evident that the relative impor-
tance of top-down (fish) versus bottom-up (nutri-
ents) forcing of community change depends on
temporal scale, with the latter of greater impor-
tance in the long term. Our study highlights the
enormous potential of multi-indicator palaeolim-
nology for inferring long-term ecological change
linked to changing fish communities in shallow
lakes.
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